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Bacteria communicate via extracellular signals. Most signaling studied so far has been bidirectional. A recent
study shows that when Bacillus subtilis build a multicellular biofilm, some conversations are unidirectional.During the development of multicellular
organisms, programmed or chance
events cause pluripotent embryonic stem
cells to differentiate. Often, the differenti-
ated cells produce a signal that induces
neighboring cells to adopt a different fate.
Such unidirectional or paracrine signaling
also occurs when bacteria form multicel-
lular communities called biofilms, an as-
sertion based on the work of Lopez et al.
(2009a). The new findings strengthen the
view that bacterial communities can be
thought of as multicellular organisms, and
raise interesting questions about how and
why distinct subpopulations arise and
coexist. The answers promise funda-
mental insight into multicellular develop-
ment and evolution, and may suggest
strategies to control biofilm growth.
Biofilms are communities of microor-
ganisms stuck to each other and often to
a surface (living or nonliving) by a self-
produced extracellular matrix composed
of polysaccharides, proteins, and DNA.
Bacterial biofilms make pathogens more
resistant to antibiotics, influence the ef-
fectiveness of drinking water and waste-
water treatments, and play critical roles
in bacterial survival and evolution in nat-
ural environments (Hall-Stoodley et al.,
2004), to name just a few reasons why
understanding biofilm development is
important. Biofilm formation, like many
other behaviors in bacteria, involves com-
munication between community mem-
bers (Bassler and Losick, 2006). Typically,
all members produce and respond to the
same signal, and such autocrine signaling
has been termed ‘‘quorum sensing’’ as it
allows cells to measure their population
density (Fuqua et al., 1994).
Lopez et al. (2009a) chose to study bio-
film development using Bacillus subtilis.
This model bacterium is easy to manipu-
late genetically. Laboratory strains typi-cally form fragile biofilms due to muta-
tions, but natural isolates form robust
biofilms at the air-liquid interface of stand-
ing cultures or on agar surfaces (Branda
et al., 2001) (Figure 1).
Leading up to the new work, the inves-
tigators and their colleagues showed that
B. subtilis biofilms contain multiple cell
types: motile cells, extracellular matrix
producers, and dormant spores (Vlamakis
et al., 2008). The number and location of
different cell types changed with time
(Figure 1). For the most part, motile cells
became matrix producers, which in turn
differentiated into spores. Progression
through this lineage of cell types was not
essential for sporulation (matrix-deficient
mutants could sporulate in liquid culture,
or in biofilms if codeveloped with matrix-
producing cells), but there was no evi-
dence for a distinct lineage that was inca-
pable of producing matrix and forming
spores.
The new work of Lopez et al. (2009a)
provides evidence for a fourth cell type
in B. subtilis biofilms that belongs to
a distinct lineage and unidirectionally
signals to cells in the other lineage to
produce matrix (Figure 1). The fourth cell
type produces surfactin, a cyclic lipopep-
tide shown recently to function as an
extracellular signal (Lopez et al., 2009b).
Surfactin causes potassium leakage in
neighboring cells, activating a signaling
pathway that turns on genes for matrix
production. Lopez et al. (2009a) discov-
ered that the conversation is one-way,
as surfactin producers never become
matrix producers. Cells instructed by sur-
factin to become matrix producers, by
surrounding themselves with matrix, be-
come immune to a peptide signal (ComX)
that had initially induced surfactin syn-
thesis in a small number of cells in the
population. Hence, matrix producersDevelopmental Cell 17never become surfactin producers.
Rather, the two cell types coexist in the bi-
ofilm, and thematrix producers eventually
differentiate into spores. The new findings
raise many interesting questions.
Why do only about 10% of the cells in
the biofilm respond to the ComX peptide
by activating genes for surfactin syn-
thesis? Shortly after growing cells are
placed on the minimal agar surface that
supports biofilm development, nearly all
cells are motile and express the gene for
ComX (Lopez et al., 2009a; Vlamakis
et al., 2008). However, ComX is just one
component of a complex regulatory
network that controls not only surfactin
genes but also genes for uptake of exog-
enous DNA (competence). Random varia-
tion in expression of network compo-
nents, and a positive feedback loop, are
believed to result in stable subpopula-
tions, with only about 10% of the cells ex-
pressing surfactin and (for the most part)
a different 10% of the cells expressing
competence genes (Lopez et al., 2009a;
Dubnau and Losick, 2006).
What prevents surfactin producers
from responding to surfactin and be-
coming matrix producers? The response
to surfactin-induced potassium leakage
is sensed by a protein kinase (KinC) that
phosphorylates a key transcription factor
(Spo0A), which indirectly relieves repres-
sion of genes for matrix production (Lopez
et al., 2009b). Lopez et al. (2009a) specu-
late that components of the network gov-
erning surfactin and competence gene
expression inactivate Spo0A in surfactin
producers, preventing derepression of
genes for matrix synthesis.
What prevents matrix producers from
also producing surfactin in response
to ComX? Lopez et al. (2009a) show
that the matrix itself inhibits further re-
sponse to ComX. Since ComX normally, August 18, 2009 ª2009 Elsevier Inc. 155
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embedded protein kinase
(ComP), the authors reason-
ably infer that matrix prevents
ComX-ComP interaction. As
one might expect since the
matrix is extracellular, it ap-
pears to shut down ComX
signaling throughout the bio-
film, so that nonmatrix pro-
ducers are also prevented
from becoming surfactin pro-
ducers.
Where do the different cell
types form in the biofilm?
This needs to be examined in
the case of surfactin pro-
ducers, but presumably they
form throughout the biofilm
since matrix producers are
found throughout (Vlamakis
et al., 2008). Sporulation is
triggered by a high level of
phosphorylated Spo0A (the
transcription factormentioned
above), which is reached
when cells become severely
starved. Vlamakis et al. (2008)
haveproposed that theenergy
required for matrix production
creates microenvironments
within the biofilm where se-
vere starvation leads to a
high level of activated Spo0A, triggering
sporulation. This might happen initially at
the tips of aerial projections, since most
spores are observed there early during
biofilm development (Branda et al., 2001;
Vlamakis et al., 2008), whereas matrix
producers lower in the biofilm might not
experience severe enough starvation to
trigger sporulation until later.
The one-way conversation between
surfactin producers and matrix producers
is unique because the two cell types
coexist independently for a prolonged
period in the biofilm. In contrast, unidirec-
tional signaling that kills siblings (canni-
balism) has been observed in nutrient-
limited populations of B. subtilis and relies
on bistable expression and activation of
Spo0A (Dubnau and Losick, 2006). One-
way signaling occurs when the cyanobac-
terium Anabaena grows as filaments and,
under nitrogen-limiting conditions, about
every tenth cell differentiates into a
nitrogen-fixing heterocyst that prevents
adjacent cells from becoming hetero-
cysts, but in this case the two cell types
rely on each other for survival
(Golden and Yoon, 2003).
Other bacteria like Myxococ-
cus xanthus and Strepto-
myces coelicolor develop
multicellular structures with
different cell types (Whit-
worth, 2008), but it remains
to be seen whether this in-
volves one-way conversa-
tions. Given the prevalence
of paracrine signaling in the
development of muticellular
eukaryotes, it would be sur-
prising if bacteria did not
evolve similar strategies to
promote cooperative survival
in diverse and ever-changing
niches.
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Figure 1. Biofilm Development
B. subtilis forms a biofilm on minimal agar. (Upper left) Entire colony after 5
days at 25C. Close-up of colony edge after 2 days at 25C shows aerial
projections (upper right). (Lower left) Scanning electron micrograph of aerial
projections. (Lower right) Cartoon of spatiotemporal differentiation of cell
types. At 12 hr, most cells are motile and produce the ComX peptide signal
(blue), 10% of cells respond to ComX and produce surfactin (green), and the
surfactin producer directs neighboring cells (red) to begin producing extracel-
lular matrix (light gray background). Over time, more cells produce matrix
(background darkens) and these cells differentiate into spores (orange),
initially at the tips of aerial projections. Photomicrographs are from Branda
et al. (2001) and are reprinted here with permission.156 Developmental Cell 17, August 18, 2009 ª2009 Elsevier Inc.
